There is evidence that normal breast stromal fibroblasts (NBFs) suppress tumour growth, while cancer-associated fibroblasts ( 
Introduction
Carcinomas are composed of neoplastic cells admixed with many types of supportive cells, which constitute the tumour stroma [1, 2] . Cancer-associated fibroblasts (CAFs), the predominant cell type within cancer stroma, play significant roles in overall breast cancer development and spread [3, 4] . Genetic and epigenetic changes activate stromal fibroblasts, which then escort cancer cells throughout the whole carcinogenic process in a paracrine manner [5, 6] . Indeed, activated fibroblasts secrete high levels of various growth factors, cytokines, chemokines and extracellular matrix (ECM)-degrading proteases such as the MMPs, which are used to communicate with cancer cells as well as with other stromal cells [4, 7] . CAFs exhibit some important features of neoplastic cells [8] and have been shown to promote carcinogenesis both in vitro and in animal models [3, 4] . High numbers of active stromal fibroblasts are often associated with high-grade malignancies and poor prognosis. Furthermore, CAFs were shown to play major roles in drug resistance and tumour recurrence.
Surgery is considered the first line of treatment for most breast tumours. During lumpectomy, the tumour is removed with some normal surrounding tissues (surgical margins) to ensure the removal of all tumour cells and to minimize local recurrence. Indeed, numerous studies have reported that surgical margin status influences the risk of local recurrence [9] . Recurrences arise most frequently in the tumour bed. Thereby, radiotherapy is usually applied as adjuvant therapy to reduce the risk of relapse [10] . Furthermore, targeted intraoperative radiotherapy (TARGIT) was also used and yielded very low recurrence rates when given as a boost [11] . Importantly, TARGIT impaired the This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
stimulation of breast cancer cell proliferation and invasion caused by surgical wounding [12] . This may be due to the immediate effect of radiation on the local tumour microenvironment, making it less favourable for tumour growth and progression. This suggests that cancer may recur following breast conserving surgery due to residual unresected tumour or to the presence of active stromal cells, or both. In fact, even in tumourfree tissues, the microenvironment could still play a capital role in tumour development/recurrence. Indeed, it has been recently shown that breast cancers with higher mean stiffness values at shear-wave elastography, which is related to the surrounding stroma rather than to the cancer itself, had poorer prognostic features [13] . Therefore, we sought to undergo molecular and cellular characterization of breast stromal fibroblasts from negative surgical margins. We show that these cells exhibit a specific gene expression profile and are procarcinogenic.
Materials and methods

Cells, cell culture and chemicals
Breast fibroblasts were obtained, characterized and cultured as previously described [8] . Signed informed consent was obtained from all patients under Research Ethical Committee Project No. RAC#2031091. CAFs were derived from tumour areas of the samples, while TCFs were developed from histologically normal tissues located at least 2 cm away from tumours (invasive ductal carcinomas). Processing of tissues was performed after routine examination by a certified anatomical pathologist, using haematoxylin and eosin (H&E)-stained sections. Normal fibroblasts (NBFs) and epithelial cells (NLECs) were derived from healthy age-matched females who underwent breast reduction surgery. In the present experiments, NBFs, CAFs and their corresponding TCFs were always cultured simultaneously, under the same conditions and at similar passages (4) (5) (6) (7) (8) . NLEC cells were cultured in universal medium [1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 medium (Gibco) supplemented with 2% fetal bovine serum (FBS), 1% antibiotic/antimycotic, 10 ng/ml epidermal growth factor (EGF), 10 -8 M choleratoxin, 1% ITS (insulin, transferrin, selenium), 0.4 µg/ml hydrocortisone, 2 × 10 -9 M T3 (tri-iodothyronine) and 5 mg/ml oestrogen, and were used at passage 2. MCF-7 and MCF-10 cell lines were obtained from ATCC and were cultured following the instructions of the company. All supplements were obtained from Sigma (St. Louis, MO, USA), except for antibiotic/antimycotics and ITS, which were obtained from Gibco (Grand Island, NY, USA). The cells were maintained at 37
• C in a humidified incubator with 5% CO 2 .
Conditioned medium (CM) was obtained from cells cultured in medium with serum, whilst serum-free conditioned medium (SFCM) was obtained from cells cultured in the absence of serum. In both cases, the cells were cultured for 24 h before the media were collected and centrifuged. The resulting supernatants were used either immediately or were frozen at −80
• C until needed.
Affymetrix exon array and data analysis; quantitative RT-PCR Exon array protocols are presented in Supplementary materials and methods. Quantitative RT-PCR was conducted as described previously [14] . All reactions were performed in triplicate and the data analysed using the 2- CT method [15, 16] . The respective primers are presented in Supplementary materials and methods.
Cell proliferation assay
Cells were seeded into 96-well plates at 0.5-1 × 10 4 cells/well and incubated overnight. The medium was replaced with SFCM and incubated for different time intervals (0, 24 and 48 h). Cell proliferation was measured by the tetrazolium salt colorimetric assay, as recommended by the manufacturer (Roche Diagnostics GmbH, Germany) after incubation for 4 h at 37
• C. The amount of formazan was quantified at 450 nm.
Immunoblotting, cytokine array and ELISA
Immunoblotting of total cell protein lysates was performed as previously described [17] . Antibodies are presented in Supplementary materials and methods. SFCMs from CAF, TCF and NBF cells were applied to a RayBio Human Cytokine Antibody array (RayBiotech Inc.), as recommended by the manufacturer. ELISA was performed according to the manufacturer's instructions (R&D Systems; or RayBiotech for MMP-2). These experiments were performed in triplicate.
Chemotaxis and invasion assay
Invasion chambers (24-well) were used according to the manufacturer's guidelines (BD Bioscience); 2-4 × 10 5 cells were added to the upper wells, separated by an 8 µm pore size PET membrane with a thin layer of Matrigel basement membrane matrix (for invasion) or without (for migration). The membranes were stained with Diff Quick (Fisher Scientific) after removing the non-migrated cells from the top of the membrane, using Q-tips. After air-drying, the membranes were cut and mounted on slides with oil and cells that had migrated to the underside of the filter were counted using a light microscope (Zeiss Axio Observer) in five randomly selected fields (magnification ×40). Each assay was performed in triplicate. 
Orthotopic tumour xenografts
Statistical analysis
Statistical analysis was performed using Student's t-test and p < 0.05 was considered statistically significant.
Results
Surgical margin stromal fibroblasts exhibit a specific gene expression profile
To identify the molecular changes that can take place in breast stromal fibroblasts from surgical margins, gene expression profiles of five paired CAFs/TCFs as well as three NBFs were examined. Total RNA was extracted and genome-wide gene expression analysis was performed, using Affymetrix's GeneChip  Human Exon 1.0 ST Arrays (HE 1.0 STAs). Three different comparisons were performed: TCFs with CAFs; TCFs with NBFs; and CAFs with NBFs. p < 0.05 and a threshold of absolute fold change ≤ 2 ≥ was considered a significant difference in the analysis of the microarray data. One-way analysis of variance (ANOVA) revealed 804 differentially expressed genes (DEGs) between TCF, CAF and NBF cells. The unsupervised twodimensional (2D) hierarchical clustering revealed a clear pattern of gene expression, defining three main transcriptome clusters corresponding to TCFs, CAFs and NBFs ( Figure 1A) .
Unsupervised principle components analysis (PCA), which contained about 70% of the variance in the data matrix, further showed the presence of three distinct groups ( Figure 1B) . Intriguingly, the TCF samples clustered closer to CAF cells than to NBFs. Moreover, the gene expression variability was highest for the TCF group ( Figure 1B ). Next, Venn diagram analysis was performed, with the significance of overlaps calculated using hypergeometric distributional assumption (C) SFCMs were used to assess the levels of the indicated proteins by ELISA in CAF/TCF pairs from three patients compared to NBF-6 (mean ± SD; *p < 0.005) [18] and p values were adjusted using Bonferroni correction for multiple comparisons [19] . This comparison approach revealed a significant overlap between TCFs and CAFs as compared to the two other comparisons (p < 10 -5 ) ( Figure 1C ). Indeed, among the three comparisons, the least number of DEGs was between CAFs versus TCFs, with only 42 DEGs ( Figure 1C ). On the other hand, the number of DEGs between CAFs and NBFs reached 101 ( Figure 1C ). Comparing TCF with NBF, we found 77 DEGs, 25 of which were also differentially expressed between CAFs and NBFs, while the levels of 49 genes were uniquely dysregulated in TCFs as compared to NBFs and CAFs ( Figure 1C ; see also Supplementary material, Table S1 ). This indicates that TCF cells present in surgical margins exhibit specific gene expression patterns relative to their corresponding CAFs and also normal breast fibroblasts.
Quantitative RT-PCR validation of gene expression results
To validate the RNA microarray analysis, we performed quantitative RT-PCR on nine genes: MMP-3 , ITGB8 , SFRP4 , ITGBP7 , ADAMTS1 , CTGF , PTGS , SDHC and CCL-2 . Figure 1D shows differential expression of all these genes between CAFs, TCFs and NBFs. These results confirm the presence of differential gene expression between CAFs, TCFs and NBFs.
TCF cells secrete high levels of pro-carcinogenic cytokines Next, we assessed the level of secreted procarcinogenic cytokines from CAFs, TCFs and NBFs. Therefore, CAF-114, TCF-114 and NBF-6 were cultured to 80% confluency and then complete www.thejournalofpathology.com medium (CpM) was replaced with serum-free medium (SFM). Serum-free conditioned medium (SFCM) was collected after 48 h of incubation and applied to the Ray Bio  human cytokine antibody array map. The array showed differential levels of various cytokines between TCF, CAF and NBF cells (Figure 2A ). Upon quantification and normalization against the positive controls probed on the membrane, it was clear that CAFs secreted the highest levels of the majority of these cytokines ( Figure 2B) . Interestingly, the levels of SDF-1, CCL-25, TIMP-1 and TNF-alfa were also higher in TCF-114 cells than in NBF cells ( Figure  2B ). Similar results were obtained when comparing CAF-180, TCF-180 and NBF-1 (data not shown). This shows that TCFs, although present in histologically normal parts of the breast, secrete high levels of various pro-carcinogenic cytokines.
TCFs secrete high levels of SDF-1, VEGF-A and IL-6
To further show the variation in cytokine secretion, SFCMs were collected from three different CAFs and their corresponding TCFs (87, 180 and 142) and NBF-6, and were used to assess the levels of SDF-1, IL-6 and VEGF-A by ELISA. Figure 2C shows that CAF cells secreted the highest levels of the three cytokines. Interestingly, the secreted levels of SDF-1, IL-6 and VEGF-A were also higher in all TCFs compared to NBF-6 (8.2-, 4.2-and 25-fold higher, respectively) ( Figure 2C ). Figure 2C also shows inter-patient variation in the secreted levels of these important pro-carcinogenic factors. These results confirm that TCF cells secrete higher levels of pro-carcinogenic factors relative to normal breast fibroblasts.
TCF cells from surgical margins exhibit features of active fibroblasts
To test whether fibroblasts from surgical margins display features of activation, we examined the levels of α-SMA and SDF-1 (two major markers of active breast fibroblasts [20] [21] [22] ) by immunoblotting. Interestingly, like CAF cells, TCFs also express higher levels of α-SMA and SDF-1 than NBF-6 and NBF-1 ( Figure  3A ). However, while the level of α-SMA was similar in TCFs and their corresponding CAFs, SDF-1 levels were slightly higher in CAF cells as compared to their respective TCFs ( Figure 3A) . Next, we studied the migratory and invasiveness abilities of TCF cells, using chambers either coated with Matrigel (invasion) or uncoated (migration). While CpM was added as a chemo-attractant to the lower wells of the chambers, cells (4 × 10 5 ) were added to the upper wells in serum-free medium for 24 h. Figure 3B shows that while NBF-1 and NBF-6 cells were unable to migrate, TCF-87 and TCF-180 cells showed invasiveness and migratory abilities. However, the number of invading and migrating TCF cells was lower than that of their corresponding CAF cells ( Figure 3B ). This provides further evidence that TCF cells display active fibroblast features. 
TCFs promote migration/invasion and induce mesenchymal features of breast cancer cells
We next investigated the effect of TCF cells on the migration/invasion of breast cancer cells. SFCMs collected from TCF-180, CAF-180 and NBF-6 were added to MCF-7 cells (10 5 ) that had previously been seeded in the upper compartments of migration/invasion plates. Figure 5A shows that the number of migrated MCF-7 cells was much higher in the presence of media conditioned with CAF-180 and TCF-180 than with NBF-6 cells or SFM (used as negative control). Figure 5A shows that SFCMs from both CAF-180 and TCF-180 enhanced about 73-fold the migration ability of these breast cancer cells as compared to NBF-6.
Next, we sought to investigate the molecular mechanism/pathway that underlies TCF-dependent increase in the migration/invasion of breast cancer cells. Therefore, we explored the paracrine effect of TCF cells on the phosphorylation/activation of Akt, a known proinvasive protein kinase [23] . Epithelial MCF-7 cells were treated with SFM or SFCM from TCF-180 and CAF-180 for 24 h. Figure 5B shows that SFCMs from TCF and CAF cells increased the level of the phosphorylated/active form of Akt, with no effect on the level of total protein. Since active Akt and the increase in the invasiveness/migratory abilities of breast cancer cells accompany the transition of these epithelial cells to the mesenchymal phenotype, we assessed the level of Ncadherin and Snail and showed that SFCM from TCF cells increased the level of these two important markers of mesenchymal cells ( Figure 5B ). On the other hand, the levels of the epithelial markers E-cadherin and EpCam were markedly reduced ( Figure 5B ). These results indicate that, like CAFs, TCF cells have the ability to trigger the epithelial-to-mesenchymal transition process.
TCF cells activate Akt and up-regulate PCNA and MMP-2 in normal luminal cells in a paracrine manner
Since TCFs are present in histologically normal parts of the breast, we sought to investigate their effect on primary normal luminal epithelial cells (NLECs). Therefore, NLECs were incubated for 24 h with SFCMs from TCF, CAF and NBF, and cell lysates were used for immunoblotting. Figure 5C shows increase in the level of the proliferation marker PCNA in luminal cells pretreated with SFCMs from CAF and TCF cells, with a higher effect of CAF cells ( Figure 5C) . Similarly, the level of the phosphorylated/active form of Akt and also MMP-2 increased under the paracrine effect of TCF and CAF cells ( Figure 5C ). This shows that, like CAF cells, TCFs have the ability to promote tumourigenesis in normal luminal epithelial cells.
TCFs stimulate breast cancer growth in an orthotopic mouse model
To investigate the effect of fibroblasts on tumour growth in vivo, 15 nude mice were randomized into three groups and breast cancer tumours were created by co-implantation of MDA-MB-231 cells (5 × 
Discussion
We have shown here that breast stromal fibroblasts present in cancer-free surgical margins exhibit a specific gene expression pattern compared to cancerassociated fibroblasts and normal breast fibroblasts, with 77 genes differentially expressed between TCFs and NBFs and 42 genes differentially expressed between TCFs and their paired CAFs. Intriguingly, the expression pattern of 49 genes was specific for TCF cells, as compared to CAFs and NBFs ( Figure 1C ; see also Supplementary material, Table S1 ). This indicates that fibroblasts present in histologically normal tissues around tumours may also be affected by the presence of tumour cells. Notably, the genes that were found differentially expressed uniquely in TCFs were enriched with biological processes and functions related to, among others, inflammatory response, response to stimulus, immune cell trafficking, tissue development and cell signalling (see Supplementary material, Figure S1A , Table S2 ). To elucidate how these deregulated genes are interacting with genes in various metabolic pathways, the DEGs were mapped to gene networks using the ingenuity knowledge base. The network analysis revealed the potentially important role of CCL13 , CTGF , CYP1B1 , IGFBP7 and B4GALT1 (see Supplementary material, Figure S1B ). Interestingly, genes deregulated in TCF cells interact, directly or indirectly, with the UBC gene (see Supplementary material, Figure S1C ), which plays an essential role in maintaining ubiquitin levels, especially under stress conditions [24, 25] . Indeed, this polyubiquitin gene is up-regulated by cellular stresses and contains classical heat-shock elements in its promoter [26] , suggesting that stressrelated factors are involved in the TCF-specific gene expression profile and may relate to evidence that cancer cells use oxidative stress to activate adjacent fibroblasts [27] . Comparing the variation in gene expression in each cell type showed variability within the three categories of cells. Interestingly, the gene expression profiles of TCF cells were more heterogeneous than those of CAF and NBF cells ( Figure 1C ), indicating higher patient-to-patient variability in stromal fibroblasts present in histologically normal tissues.
Differential gene expression between CAF and TCF cells from breast tumours has been reported previously [28] [29] [30] . Bauer et al found 37 genes differentially expressed between six paired TCFs and CAFs and have also shown higher gene expression variability in TCF than in CAF cells [29] . In another study, 420 genes were found to be differentially expressed between CAFs and normal breast fibroblasts from mammoplasties (NBFs) [30] . Similarly, we have shown here that the expression of 101 genes varied between CAF and NBF cells. However, the current study presents the first micro-array comparative analysis between surgical margin fibroblasts, their corresponding CAFs and NBFs. In addition, we have shown that fibroblasts present in cancer-free surgical margins have higher migratory/invasiveness abilities than normal breast fibroblasts. Furthermore, these cells enhanced the proliferation rate of non-carcinogenic [21, 22, 31] .
Notably, the magnitude of all these TCF-related effects was intermediate between those of CAFs and NBFs. This shows that, despite their localization in histologically normal breast tissues and not being in direct contact with cancer cells, TCFs acquired some myofibroblast features, suggesting that cancer cells can affect not only cancer-associated fibroblasts but also fibroblasts present in cancer-free adjacent tissues. This effect could be mediated through secreted molecules able to diffuse from cancer cells through normal tissue, reaching distant cells. TGFβ could play an important role in this effect. Indeed, TGFβ can induce the production of α-SMA in mammary fibroblasts in vitro and consequently transdifferentiates fibroblasts into myofibroblasts [32] . It is also possible that cancer cells activate adjacent fibroblasts through the aerobic glycolysis process (Warburg effect), which produces pyruvate and lactate. Indeed, treatment with lactate transport inhibitor prevented the conversion of normal fibroblasts to myofibroblasts [31, 33] .
Our data indicate that remaining active fibroblasts following resection may enhance the chances of tumour recurrence, since these cells may constitute a fertile soil for tumour growth. To date, the most appropriate amount of normal breast tissue that should be removed to minimize local recurrence remains controversial [34] . However, it is well known that local recurrence in patients submitted to conservative surgery is more common than in patients treated by mastectomy, showing the importance of surgical margins status for local relapse. Furthermore, several publications have reported the importance of the pathological margin status in determining the risk of local recurrence after breast conserving therapy [10] . In conclusion, the present data show that breast stromal fibroblasts localized in cancer-free surgical margins are active and hence can potentiate the carcinogenesis process, and indicate that the tumour microenvironment may play determinant roles in local recurrence. Therefore, in the era of personalized therapy, the status of tumour stroma should also be taken into consideration for more efficient treatment and the prevention of recurrence as well as metastasis.
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